The lack of modern electricity supply has been a major impediment to proper functioning of the healthcare centers in the rural areas, contributing to high maternal and child mortality rates in a country. Therefore, this study focuses on how to address the identified problem so that the healthcare centers or clinics in the remote areas can provide timely delivery of medical services for the concerned people. This paper, then, presents the analysis of stand-alone hybrid renewable energy systems for basic healthcare services in the rural areas, where there is no grid energy supply or the supply from the existing grid is erratic and unreliable. One major factor that informs the selection of the hybrid energy system in this study is that it promises high reliability compared to a single energy system. The research presents a statistical analysis of the potential of wind and solar energies for a selected rural locations in Nigeria based on the available long-term hourly and daily meteorological data. It employs an optimal technical and economic design and sizing of hybrid electrical power systems' components such as the wind, PV, battery and inverter systems, using the hybrid optimisation software (HOMER). Results show that Sokoto and Jos sites exist in the high wind potential regions, while the remaining sites are only suitable for small wind applications. Values obtained for global radiation show that all the sites enjoy considerable solar energy potential suitable for varying degree of solar energy applications. PV/wind/diesel/battery hybrid system configuration is considered optimum for rural health center at Iseyin, Sokoto, Maiduguri, Jos and Enugu, while hybrid systems involving PV/diesel/battery is considered ideal for Port-Harcourt, due to the quality of renewable energy potential. Hence, it was concluded that, the abundance of wind and solar resources in the country create an ideal environment for inclusion of renewable energy systems in the design and implementation of standalone power supply systems to improve rural healthcare delivery.
Introduction
Reliable electricity access is a pre-requisite for improving the social and economic lives of the people in rural areas. It enhances healthcare delivery, education as well as other developmental growth within the local communities. At present, 17% of world population have no access to electricity, 85% of which lives in rural areas of Sub-Saharan Africa (SSA), South Asia and other developing countries, with SSA having the largest share of the electricity deficit rate [1] .
The majority of these people have limited prospects of gaining access to electricity in the near future. The implication of this can be translated as close to 1 billion people around the world are being served with healthcare facilities with no electricity access [2] . This deficiency implies that medical equipment such as ultra sound, autoclave, centrifuge and medical x-ray cannot be used in such places as presented in Fig. 1 . Surgery services sometimes delivered by depending on the ambient light from windows or kerosene lamps at nights. Reports indicated that, quite a number of women die on a daily basis during pregnancy and childbirth in rural places due to poor medical care. By providing at least a minimum lighting and electric power supply to minor surgical equipment could reduce the high maternal mortality rate by 70% [2] .
Diesel generators have traditionally been used to power most offgrid clinics and hospitals for supplementing the unreliable grid supply for grid-connected facilities, but this is associated with attendant costs of diesel fuel and unreliable delivery as well as high CO 2 , CO and particulate emissions contributing to air pollution and climate change. The rural health sector in developing nations are challenged with several problems, which have hindered effective delivery of healthcare services to the people living in the rural communities. For instance, unreliable power supply can render cold-chain activities inoperable; furthermore, the lack of illumination (light) at the clinics at nights usually keeps patients arriving late in the night for medical attention to wait until the following morning before medical attention can be rendered to them. This has led to many problems including obstetric complications, which is one of the root causes of high maternal mortality rate in sub-Saharan Africa region [3] . A lack of antenatal care, absence of skilled birth attendants and limited availability of emergency obstetrics procedures due to lack of electricity are reasons for this situation. Therefore, electricity should be a priority for effective public healthcare delivery.
In rural areas with no access to electricity from the grid, renewable energy technology could be a viable option. These alternative technologies for producing electricity have received greater attention in recent years, due to their cost effectiveness in operation, environmental friendliness as well as sustainability [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the case of rural health facilities, a solar/wind/diesel generator hybrid system can be deployed to cater for the need of un-electrified rural health centres. It will provide means to power critical lighting, mobile communication devices and certain medical equipment for delivering timely and critical medical care for the rural dwellers. Hence, the role of energy supply in healthcare services delivery in the rural areas where there is no grid extension or reliable power supply cannot be over emphasized.
Renewable energy sources have proven their ability to contribute substantially to global climate protection efforts by reducing the greenhouse gas emission while meeting rapid energy growth demand [13] [14] [15] [16] [17] [18] [19] . However, in technical terms, a system that wholly depends on single-source renewable energy alone is not necessarily considered reliable, especially for isolated loads in remote areas [4] . This is because electricity supply through a renewable energy source that has a variable or intermittent characteristic, may not guarantee energy production be available at all times. This is why a hybrid power system that combines more than one source, e.g. conventional and renewable energy systems or two/more renewable energies, are proposed. A properly selected renewable power system is expected to considerably reduce the need for fossil fuel system use by ensuring a relatively higher renewable energy penetration. Such a system is also expected to achieve a reliable power supply, as the conventional power sources will assist the renewable sources during varying environmental conditions, by balancing the electrical power. Therefore, a hybrid system consisting of solar PV, wind, battery and diesel generator systems can be considered a better option for isolated loads. Such an option, where the wind and solar PV systems are used as main sources of energy, while the diesel generator serves as a backup source, and battery bank as a storage system is expected to; (i) satisfy the energy demands, (ii) minimize the costs, (iii) maximize the utilization of renewable sources, (iv) optimize the operation of battery bank, (v) ensure efficient operation of the diesel generator, and (vi) reduce environment pollution emissions.
Several research studies on off-grid energy systems analysis exist in the literature for both single-source and hybrid configurations. This paper provides a brief survey on them. The techno-economic design of hybrid systems has been discussed [5] . The techno-economic sizing of off-grid hybrid renewable energy system for rural electrification in Sri Lanka has been presented [20] . The design and economics analysis of an off-grid energy system has been published with a focus on the household electrification [21] . A paper has been published on technoeconomic feasibility of photovoltaic, wind, diesel and hybrid electrification systems for Colombia [22] . Furthermore, the techno-economic analysis of stand-alone hybrid photovoltaic-diesel-battery systems for rural electrification in eastern part of Iran has been presented [23] . A study has been discussing which focuses on the integrated optimal design and sensitivity analysis of a standalone wind turbine system with storage for rural energy supply [24] . The techno-economic feasibility analysis of a solar-biomass off-grid system has been discussed, with focus on the electrification of remote rural areas in Pakistan using HOMER software [25] . A study has been published on the optimal design configuration using HOMER [14, 26] .
In addition, a review of sustainable energy access and technologies has been discussed on healthcare facilities focusing on the global south [27] . A study has been published on off-grid systems for rural electrification in developing countries with emphasis on definitions, classification and a comprehensive review [28] . A review on planning, configurations, modelling and optimization techniques has been discussed focusing on renewable energy systems for offgrid applications [29] .
These existing studies provide relevant simulation, analysis and background for this current paper, especially on the technical and economic evaluation of the proposed electricity systems. The academic contributions of these studies are useful for understanding and progressing research in the area of review and the techno-economic analysis of off-grid electricity systems. However, the studies in Refs. [5, 14, [20] [21] [22] [23] 25, 26] do not consider battery analysis, while the CO 2 emissions analysis is not considered in the papers in Refs. [20, 21, [24] [25] [26] . It is of interest in this paper to cover the gaps identified in the mentioned studies by presenting a detailed simulation and analysis that includes the battery state-of-charge evaluation in the technical design, coupled with the economic and the CO 2 emissions analyses. It is expected that the research results will form a useful basis for addressing the problem of a lack of energy supply for healthcare services by local communities and policy-makers in different Nigeria, and also for further research in the area of off-grid systems design and development. Therefore, this research study discusses the simulation and analysis of stand-alone hybrid renewable energy systems for basic healthcare services in areas, where there is no grid energy supply or the supply from the existing grid is unreliable. It examines the energy configurations that are fueled by the available solar, wind and diesel energy resources of six different locations in Nigeria under different environmental conditions such as the solar irradiation, wind and ambient temperature. The locations used as test cases are North-east (Maiduguri), North-west (Sokoto), North-central (Jos), South-east (Enugu), South-west (Iseyin) and South-south (Port-Harcourt).
The paper uses standard off-grid energy systems methodologies supported by the Hybrid Optimisation Model for Electric Renewables (HOMER) tool, International Electrotechnical Commission (IEC) standards and some relevant studies in the literature for the simulation and analysis of the proposed hybrid electricity systems for the intended healthcare centres across the country [30] [31] [32] [33] [34] [35] [36] . In addition, a real-world energy demand profile of a standard rural healthcare center in the country has been used as the basis for analysing the energy system. Such an approach provides a practical insight into understanding and ascertaining the users' energy requirements, rather than relying on assumptions. A total demand of ∼24 kWh/d is used in this research paper and has been estimated by considering all the different appliances in the health centre and their daily hours of operation. The technical analysis involves determining the appropriate sizes of different components of the hybrid systems, their annual energy generation and the battery state-of-charge. These will be achieved by using the HOMER simulation tool to optimise the different energy models or configurations that can meet the daily energy demand of the intended healthcare centres. However, the economic analysis examines the initial capital cost, net present cost and the cost of energy, while the environmental analysis will be considered in terms of the quantity of carbon emissions that may be avoided supposing the proposed hybrid electricity systems are implemented in the specified locations. It is expected that the results of the analysis of the technical, economic and environmental aspects of the design may be useful for planning stand-alone energy generation systems for remote healthcare centres in Nigeria, and any other location around the world.
The remaining part of the paper is arranged as follows: Section 2 presents the methods; Section 3 is on results and discussion, while Section 4 concludes the paper.
Methods

Renewable energy resources assessment
Renewable energy resources can provide electricity for various uses in different off-grid rural areas around the world [37, 38] . Among the several renewable energy sources, wind and solar can be abundant and economically viable in these regions. Hence, they are commonly explored. However, a detailed study and analysis of the available longterm solar radiation and wind data of the specified location is vital for design and prediction of the energy output. Such a consideration will be helpful for determining the suitability of renewable energy resources for any specific applications.
Several investigations had been made in Nigeria on solar and wind energy assessment for power generation, but with no particular considerations for rural healthcare application. In Ref. [39] , solar applications and developments in Nigeria were comprehensively discussed; various irradiation levels as distributed within the six climatic region across the country were categorized into zones. Zone I comprised the entire states in the North-Eastern part of the country. This zone has high solar radiation incident on the horizontal surface and it has great potential for large-scale solar power, mostly in the semi-arid region. In Zone II, which is made up of the North-West and North-Central parts of the country, there is viable solar radiation, which is suitable for most solar projects. Zone III, which comprises of all locations in the southern part of the country, including the coastal region exhibits low potential of annual global solar radiation, and is only appropriate for stand-alone PV systems. Nevertheless, certain states/locations in the South-Western and South-Eastern regions are viable for decentralized energy projects. Furthermore, since there are limited meteorological sites in the country, several empirical models were developed for some locations around the country, to predict global and diffuse radiation data, needed for diverse solar applications [40] [41] [42] [43] [44] [45] .
Based on the existing findings, Nigeria has a low to moderate wind regime, with the wind speeds ranging from 2.12 to 4.13 m/s in the south, excluding the coastal regions; while in the northern region, the wind speeds is considered reasonable, ranging from 4.0 to 8.60 m/s [46, 47] . The sites considered in this study are selected from each of the six geo-political zones of the country with a site representing each of the zones. The locations are characterized by different climatic conditions and include: Iseyin (Tropical wet), Sokoto (Tropical dry), Maiduguri (Hot semi-arid), Jos (Tropical), Enugu (Humid) and Port-Harcourt (Equatorial).
In this study, various analyses have been conducted to ascertain the potential of the two proposed energy sources; wind and solar in the selected sites. The potentials of solar energy resources at the selected sites were assessment analyzed based on certain key solar resource's parameters, including monthly and annual global solar radiation (GSR). On the other hand, wind energy potentials were examined based on monthly mean daily wind speed data.
The meteorological data (wind speed and solar radiation) used in the analysis were obtained from the Nigerian Metrological Agency (NIMET), located in Oshodi, Lagos [48] . Archived daily wind speed data spanning over a period between 28 and 39 years were captured at 10 m height by a cup-generator anemometer at all the locations, while the daily global solar radiation on horizontal plane were measured using Gunn-Bellani radiometer, with readings ranging between 18 and 31 years. These data were computed as average of the data for each month. The geographical information of the selected locations is presented in Table 1 . The methodology and the mathematical models for the energy systems analysis are presented in the following sub-section.
Energy demand assessment of a rural health clinic
The energy demand assessment is a vital step in the energy intervention planning and design process, as it provides information concerning the various types of electrical appliances, their power rating and the time of operation within the day. Therefore, a thorough assessment of energy demands of a healthcare facility is critical to the selection of the most suitable energy resources. For example, a health post that is the most basic health facility within the remote villages, is usually associated with medical services such as: (i) treatment of minor illnesses or injuries, (ii) child deliveries and provision of basic immunization services.
The energy need of such facilities is considered relatively low, due to limited availability of medical equipment [49] . On the other hand, a health clinic that offers a wider range of medical services than a health post, and possesses equipment that allows more medical diagnoses can be considered high in energy demands. According to United States Agency for International Development [50] , healthcare facilities can generally be categorized into three.
The first category, i.e. Category I, is applicable to the rural localities and characterized with limited medical services and staff. In this category, electricity is often required for lighting during evening hour's operations and to support limited surgical procedures such as suturing, refrigeration for maintenance of cold-chain vaccines and other medical supplies. Basic equipment in such a facility includes the following; a centrifuge, hematology mixer, microscope, incubator and hand-held power aspirator. The estimated load demand for this category range between 5 and 10 kWh/day. The second category (Category II), contains medical equipment that is similar to the first category, but can as well accommodate sophisticated medical diagnostic equipment with frequent usage when compared to facility in the first category. The other energy-consuming appliance that can be obtained in this category includes: refrigerators often used for food/blood bank storage, communications equipment to communicate with medical expert in referral centers. The estimated energy demand in this category is in the range of 10-25 kWh/day. The third category, i.e. Category III usually serves as a primary referral centre, because it can coordinate the communication between several smaller facilities and major hospital in large towns. This could also contain sophisticated diagnostic equipment such as; xray machine and CD4 counters, demanding additional power. Daily typical energy demand of this facility is in the range of 25-30 kWh.
The listing of various devices' inventories commonly found in major health facilities is provided in Table 2 . The range of energy requirements signifies the peak power demand expected in a facility when most of the devices are operating simultaneously. However, some of the devices that required high-energy demand could be used intermittently while others are on stand-by power mode. All this needs to be considered while estimating average daily energy demand of any facility, most especially if the facility is equipped with battery-powered storage, for storing excess energy from the generator or RE sources to be used later.
A standard rural healthcare facility located in Iseyin district area of Oyo state, Nigeria has been used to create the load profile for five other hypothetical rural health clinics distributed across different climatic zones of Nigeria as earlier mentioned. This healthcare facility is made up of an emergency room, a doctor's consulting room, nurse/injection room, one male ward, one female ward, an operating room, a delivery room, and a laboratory. The total number of bed spaces in the clinic is 10. In this facility, electricity is required for: (1) Lighting for night hour's operations to support limited surgical procedures (such as; suturing and cesarean section) and to provide illumination in the surroundings at night. (2) Refrigerators, to keep cold chain vaccines, blood bank and other perishable medical supplies at desire temperature. (3) Basic laboratory equipment, including centrifuge, microscope, incubator, hematology mixer and hand-held power aspirator. Other appliances that require electrical power include; ceiling/wall fans, TV set, VCR, desktop computer and VHF radio communication equipment to aid communication with nearby referral centres. This rural clinic can be classified as category II rural health facility. The load descriptions and estimated demand of each facility are presented in Table 2 .
Hybrid system component modeling
PV module output power
The system efficiency and output of a PV system vary for different day and different seasons of the year due to the changing local meteorological conditions. Therefore, adequate information on the daily and seasonal pattern of these meteorological data will enable energy planners to have a better understanding of the performance of a PV system. The PV system power output can be estimated as follows with respect to the effect of solar radiation and temperature [51, 52] ;
where G STC is the solar radiation at standard test conditions obtained from manufacturer's datasheet and G is the solar radiation on inclined surface (W/m 2 );
− P mp STC , and T STC are respectively the module rated power and temperature at standard test conditions obtained from manufacturer's datasheet. While K T is the module power temperature coefficient. T cell represents the PV module cell temperature given as [51, 52] ;
where T amb is the ambient temperature (°C) and NOCT is the normal cell temperature (°C) usually specified in manufacturer datasheet. The overall generated power output of PV panels is obtained by multiplying panel output power
Wind turbine model
The principle of electricity generation from the wind is through conversion of kinetic energy of the wind into electrical energy. The wind turbine transforms the wind's kinetic energy in a rotor consisting of two or more blades mechanically coupled to an electric generator. The amount of energy received is enhanced by mounting the turbine on a tall tower. The wind to electrical power may be estimated by the following [14, [52] [53] [54] [55] ;
where p, A, V and C e represent air density (kg/m 3 ), turbine's swept area (m 2 ), wind speed (m/s), and the maximum power extraction efficiency of the wind generator, usually referred to as Bertz limit with peak value of about 0.59 respectively. This research study focuses on the use of the available renewable energy resources (i.e. wind and solar) at the selected locations with back-up storage system and diesel generator systems. Therefore, 5 different small commercial wind turbine systems with rated power ranging from 1 to 5 kW have been considered in this study. The selected wind turbines and their specifications are presented in Table 3 .
Diesel generator model
Renewable energy systems are characterized by an intermittent output and are, therefore, integrated with a conventional power source to ensure reliable electricity supply to the health centre. The complementary characteristic of the hybrid of renewable energy and nonrenewable energy sources usually provides a better energy option compared to the single source systems. The fuel consumption of the diesel generator (DG), F G (l/h) is modeled in HOMER as follows [52, 57] :
where − P G rated is the nominal power of the diesel generator, − P G out is the output power, while A G and B G represents the coefficients of fuel consumption curve as defined by the user (l/kWh). For efficient operation of the DG, it is recommended that partial loading, insufficient run-time to attain operating temperature and the excessive operation should be avoided. The optimum diesel generator operating range should be 70-89% [58, 59] .
Renewable fraction (RF) is the total amount of power generated by the renewable energy sources compared to total power generation from the hybrid system. This can be express as [60] ;
where P diesel is the power output of the diesel generator and P RE is the power output of the connected renewable energy sources, solar PV and wind in this case.
Battery energy storage
Battery capacity changes constantly in hybrid system due to the random behaviors of renewable energy resources (varying weather condition). At any time t, the battery capacity dependent on its previous state of charge (SOC), available energy from the RE sources in the HRES and the system load demand. The charging process of the battery occurs, whenever the energy output of PV modules and wind turbines is greater than the load demand. The battery charge capacity at this period can be described as [52, 61] 
where P t ( ) L is the load demand, σ is the battery self -discharging rate, η inv and η Batt are the inverter and battery efficiency respectively. While, P t ( ) T is the total power generated by the RE sources in the hybrid system at time t, given as:
where P pv is the power output of PV panel, P wt is output power of the wind turbine, N pv and N wt are number of PV module and wind turbine respectively. On a general note, whenever the total power generated by the RE sources is insufficient to meet the load demand, the battery bank is in discharge mode. Therefore, the nominal capacity of battery and the charge quantity of the battery bank at this period can be respectively model as [52, 62] :
where DoD is battery depth of discharge while, AD is the chosen number of days of autonomy. During this process, the battery discharge efficiency (η batt disch _ ) is equal to 1, while it varies between (0.65-0.85) during charging period depending on the charging current. At any time t, the battery charge capacity is subject to the following constraints [52, 63] : where SOC max and SOC min are the maximum and minimum allow battery state of charge respectively. At this point, the maximum charge quantity of battery bank (SOC max ) takes the value of nominal capacity of battery bank (C Batt ) and the minimum charge quantity of battery bank (SOC min ) is determined by the maximum depth of discharge.
The operational lifetime of battery can be prolonged if DOD is set within the range (30-50)% depending on the manufacturer's specifications [51] .
Hybrid system optimal sizing
In this study, hybrid optimization for multiple electric renewable (HOMER) software has been employed in the simulation, optimal sizing, sensitivity analysis as well as techno-economic evaluation of the proposed hybrid renewable energy system in the selected sites [60] . A comprehensive framework of optimal sizing and selection of different configurations of energy resources in each of the selected locations is shown in Fig. 2 .
HOMER input data
Six types of data are required by HOMER for simulation and optimization. These include meteorological data, load profile, equipment characteristics, search space, economic and technical data [60] . The following subsections described them in details.
Meteorological data. Hourly values of global solar radiation, wind speed and temperature data are not available at the selected sites, however the available monthly averages were synthesized to hourly data based on the algorithm provided for its conversion in HOMER [60] . These data serve as energy resources inputs to the software. HOMER utilized these data to compute power output of solar PV array and wind turbines.
Clinics load profile. The load profile of the respective rural health clinic in the considered sites is an essential input parameter to the HOMER model, since optimal sizing of different energy sources and the battery storage device depends on the load profile. As earlier mentioned, each of the rural healthcare facilities considered for this study is classified as a category II rural health clinic according to United States Agency for International Development [50] , hence assumed to have identical load profile. Therefore, the computation of the energy demand of each equipment presented in Table 2 with their expected operating hours known as watt-hour demand is shown in Fig. 3 for the rural health facilities in the selected sites. Based on this profile, average daily energy demand and the peak load are found to be approximately 23.9 kWh and 
It should be noted that, not all the equipment presented in Table 2 are expected to operate simultaneously, because each has specific daily hours of operation. Major load occurs during the daytime (9am-1pm) and nighttime (7-10pm) . This is due to the nature of the rural settings where the dwellers visit the clinic in the morning or late evening after the day work. Based on this variation, a day-to-day random noise of 10% and hour-to-hour random variability of 15% is specified in HOMER. This is done to check the effect of the daily and hourly load variation on the hybrid system configuration to avoid underestimating the peak load demand of the proposed system.
Hybrid system components data. Assumptions regarding components pricing and sizing as adopted in the proposed hybrid system, are expressed below: a) A 36-cell mono-crystalline PV module with rated capacity 250 W p , manufactured by Canadian Solar Company was selected for simulation. The current PV module price in Nigeria's market is $3160/ kW, while the installation cost is $40/kW [64] . Therefore, the capital cost and replacement cost of 1 kWp PV array were taken as $3200 and $3000 respectively. The lifetime of PV arrays was taken as 25 years. The de-rating factor that accounts for losses due to temperature effects, dirt from the PV module's surface and wiring losses was considered as 80%, and the ground reflection of the modules were taken as 20% [51] . Different sizes of PV arrays were considered to obtain the optimal size for each site. b) Three different wind turbine models (1 kW, 3 kW and 5 kW) with technical specifications given in Table 3 is considered for the hybrid system configurations in each site. The initial cost, replacement cost and cost of maintenance for each type are specified. In order to find an optimal size, different sizes of each model were analyzed. The operational lifetime of the turbines varies between 15 and 20 years. c) The initial cost of a 1 kW AC diesel generator is $200, with a replacement cost of $200 and maintenance cost of $0.05/h [64] . Two different sizes (5 kW and 7.5 kW) of diesel generator was considered. The operating lifetime of a diesel generator was taken as 15,000 h with a minimum load ratio of 25%. d) A bi-directional converter is added to maintain the flow of energy between the alternating current (AC) and direct current (DC) components. It functions as a rectifier when it converts AC to DC, and as an inverter on the other way around. The initial capital and replacement cost of the converter used for this study were taken as $245/kW and $245/kW respectively [64] . The operational and maintenance cost is taken as $10/year [51] . The efficiency of the converter is 90% and 85% for the rectifier, while the lifetime was taken as 10 years [65] . Different sizes of converters were considered during the analysis. e) Trojan L16P type battery with rated 6 V nominal voltage, 2kWh nominal capacity, 1075 throughput, 85% round trip efficiency and 30% minimum state of charge is considered for this study. The initial cost of one unit is $330 [64] . Replacement and operational maintenance costs were assumed as $300 and $10/year respectively [62] . In order to find an optimal configuration, the battery bank was assumed to contain a different number of batteries. Each battery string contains 10 batteries, and the lifetime energy of each battery is 1075 kWh throughput [64] .
System economic parameters. In HOMER, the system life-cycle cost is represented by total net present cost (NPC). The NPC is a composite of system component's initial capital cost, replacement cost, annual operating and maintenance cost as well as fuel costs [60] .
where CRF is capital recovery factor, and can be evaluated in terms of interest rate (i) and project lifetime (n) as [60] ;
However, in a PV/wind/diesel/battery hybrid system, total annualized cost of the entire hybrid system can be represented as; are total annualized cost for each components (PV modules, wind turbine, diesel generator battery and converter) as computed from:
In this study, the project lifetime is considered 25 years and the current annual interest rate in the country is 11%, while the inflation rate stands at 15.1% [66] . These economic parameters are needed to compute the CRF. Thereafter, HOMER uses the CRF to compute the NPC for various system configurations. HOMER aims to minimize the total net present cost (NPC) and cost of electricity (COE) by finding the optimal system configuration that matches the load demand and satisfies these constraints. It should be noted that all economic factors considered in HOMER are calculated in constant dollar (US$) terms. As at the time of this research work, USD1 is equivalent to N362.25 Nigeria's naira.
System technical constraints. Constraints are pre-determined conditions the systems must fulfil in HOMER to ensure realistic optimal solution; otherwise, HOMER neglects those systems that do not content the defined constraints. In this study, the maximum renewable fraction (RF) ranges from 0 to 100% are considered, while maximum unserved energy is assumed to be 0%. In addition, 0% maximum annual capacity shortage was considered in the simulation. The maximum allowable capacity shortage factor is a ratio of the total capacity shortage and the total annual electric load, which represent the amount of time to which the system could not meet the load demand and its reserves. However, this is not the case in this system due to the nature of the load and the intended application which requires 100% reliability. Hourly load variation of 10% is considered in the simulation with operating reserve accounting for sudden spikes in the system. In the case of PV panel's output, 25% reserve is considered this is due to its inherent dependence on solar irradiance leading to unpredictable output.
System control/energy management
System control parameter defines how the system models the operation of battery and generators in the hybrid system. A dispatch strategy is a set of rules that controls the operations of the diesel generator and the battery bank. Two types of dispatch strategies are available in HOMER, namely; load following and cycle charging [52] . In the load-following strategy, a generator produces power that is sufficient only to serve the load and does not charge the battery bank. Conversely, in the cycle-charging strategy, the generator operates at its maximum rated capacity to serve the load and charges the battery bank with the excess power. In the proposed system, cycle-charging strategy has been considered. This means that HOMER will simulate each system using this dispatch strategy and subsequently determine the optimal configuration.
In a multi-source hybrid energy system, an overall control/energy management system to manage the energy flow within the various connected energy source and the load is essential. To this aim, an energy management/control system has been designed for the optimization of the energy flows among the various energy sources and the load. The control strategy is designed to operate in different modes according to the flowchart in Fig. 4 . In this control system, priority is given to RE sources to supply the load, that means, under normal operating condition the power output of solar PV (P pv ) and wind turbine (P wt ) will supply the load while excess energy will be used to charge the battery until maximum state of charge (SOC max ) is reached. Any further excess energy can be used by dump load. In the case of insufficient energy from either the RE sources or the battery to supply the load, a conventional diesel generator will be operated automatically to supply the load and charge the battery. The supervisory control is responsible for switching from one operating mode to another depending on the atmospheric conditions, the load demand, and the battery SOC. The decision to operate any of the energy sources and to charge/discharge the battery takes place every hour upon the energy balance computation.
Hybrid system optimization
Assessment of optimal system configurations is carried out by optimizing the objective function of total life-cycle cost of the entire hybrid system represented in Fig. 5 .
The optimal value of decision variable is determined during the optimization process. The decision variables considered for this study are based on the available resources and the load demand. This includes; size of PV panel, number of wind turbine, number of battery and the size of converter. The objective function is given as:
Minimize:
where j is the number of units of the system component (solar panel, wind turbine, diesel generator, battery and converter). C C , ann cap ann rep , . , .
and C ann O M
, &
is the annualized capital, replacement, operating and maintenance cost of each system components. The equation can be rewriten as: 
where N is the number of components/capacity, CFR is capital recovery factor earlier described in Eq. (14) , where n is project lifetime and i is the real interest rate, which is a function of nominal interest rate (i nom ) and annual inflation rate (f) defined as; (19) K is single payment present worth factor given as; (20) where L and y are respectively the useful lifetime and the number of replacement of component during the project lifetime (n).
For each search space in the optimization process, the objective function is minimized subject to the set constraint. The constraints include; energy balance constraint (loss of power supply probability), battery charging and discharging constraints and generator technical constraints.
Results and discussion
This section presents the results of various sections of the study earlier highlighted. A discussion of each of these results is also included.
Renewable energy resources assessment
The potentials of major renewable energy sources (wind and solar) in selected locations across the six geo-political regions of the country, based on long-term daily meteorological data spanning between 18 and Fig. 4 . Flowchart of the energy management system adopted in HOMER.
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39 years have been assessed, and the result obtained is discussed in the following section;
Solar radiation on horizontal surfaces Fig. 6 shows the mean monthly radiation for each site.
Maiduguri is observed to have the highest global solar radiation among the selected sites, while the least occurred at Port Harcourt. The maximum and minimum values for Maiduguri were obtained in April and August respectively, while the maximum and minimum value was obtained in December and July respectively in Port Harcourt. Values obtained for the remaining sites can be seen on the figure. It can further be observed from obtained results, that all locations have higher levels of horizontal global solar radiations during the dry season months (October-April). This shows that the dry season is the best season for solar energy harvesting as earlier reported in Ref. [49] . During the rainy season (April-September), the amount of total radiation reduce notably compare with others.
Wind speed frequency distribution
The annual probability density and cumulative distribution functions obtained for wind speed at the selected locations are shown in Figs. 7 and 8 respectively.
It can be observed from Fig. 7 that, the peak of the density functions of all the sites skewed towards the higher values of mean wind speed; the peak further indicates the most frequent velocity. The most frequent wind speeds of 9.0, 8.0 and 6.0 m/s are expected in Jos, Sokoto, and Maiduguri respectively, while the least occurs in Port-Harcourt at 3.5 m/s.
It can further be observed that Jos has the highest spread of wind speeds among the locations. Similar trend is observed in the cumulative probability distributions of wind speed in all the locations as shown in 
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August and Port Harcourt in January at 4 m/s. This confirmed the earlier report from Refs. [46, 47] that the country has a low to moderate wind regime, with low wind speeds in the south, excluding the coastal regions; while the wind speeds is considered reasonable good in the northern region.
Mean wind speed and mean power density
The monthly mean wind speeds at 10 m height, wind power density for the selected sites are presented in Table 5 , the monthly mean and the annual mean power density for Iseyin falls into Class 1. This is considered poor and may only be suitable for battery charging, water pumping and other small wind power applications. Table 5 , Enugu falls under Class 3, and Port-Harcourt in Class 1, thereby making the Enugu to be fairly considered for wind power applications and PortHarcourt poor.
Wind energy density
Hourly measured wind data obtained from the respective meteorological stations in each site is divided into bins (0-1, 1-2, 2-3 and so on) and the duration of occurrence of the data at any particular bin is calculated from the obtained wind speed data as shown in Fig. 9 . Thereafter, the probability density function (PDF) for each wind speed range, energy available in the wind at each range and the total energy expected in each site is calculated. The summary of the annual energy density at the selected sites is presented in Table 6 using the available data and the Weibull function.
It can be observed from Fig. 9 that, Jos and Sokoto had the highest spread of wind speeds among the selected, this has contributed to high energy density the two sites. Annual energy density of 478.16 and 
Table 4
Monthly and annual mean variation of wind speed and power density in the selected sites. 747.30 kWh observed in Port Harcourt and Iseyin site respectively. This is considered too low for profitable wind energy applications, unless for water pumping or battery charging purpose. Table 7 presents the optimal results in the selected sites in terms of number and sizes of constituent hybrid system components in each configuration, initial capital cost, total NPC, cost of energy production, the amount of liter of fuel consumed by diesel generator and finally the renewable faction of each configuration.
Optimum system configurations
Based on these results, the best system configuration for Port Harcourt sites is hybrid PV-diesel-battery system, while PV-wind-dieselbattery is considered optimal for the rest locations (Iseyin, Sokoto, Maiduguri, Jos and Enugu). The optimal configuration obtained for Jos has the lowest NPC ($68,585) and COE (0.207$/kWh) of all the sites considered, followed by Sokoto site with $71,210 NPC and 0.215$/kWh COE. The lowest NPC and COE obtained from these sites is due to high solar and wind resources availability in the sites as compared to other sites. Fig. 9 . Numbers of hours of occurrence of wind speed in each bin for the selected sites.
Table 6
Summary of annual energy density at the selected sites using the available data and Weibull function. Since the conventional stand-alone diesel generator is presently employed in the selected rural healthcare facilities, it is thereby considered as the base case simulation. It is selected in order to allow a comparison to be made regarding the total savings that can be made in terms of cost and emission when renewable energy sources are included for the design and implementation of the hybrid power system. This configuration (Diesel-alone system) is observed to be the worst configuration with highest NPC ($451,942) and COE (1.360$/kWh). Although it has the least initial capital cost ($1500) among other system configurations, high fuel consumption due to longer hours of operation of the generator and its associated maintenance cost has led to it high NPC. It is also noted that the COE of a diesel-alone system is more than four times optimal configuration in all the selected sites. This observation has demonstrated that configuration with the lowest capital cost, may not necessarily be the configuration with the lowest cost of energy.
Conversely, the third optimum configuration NPC (diesel-battery system) cost 45% more than the best optimal configuration in the entire sites. Therefore, addition of renewable energy sources (wind and solar PV) and batteries to the existing diesel-alone system in the selected sites is considered a good investment in terms of fuel savings and emission reduction.
Energy production of each component in optimal system configuration
Previous researches have demonstrated that RE system performance analysis for a year is sufficient for planning and decision-making [15, 68] . This is because the historical RE data of a location is similar over the years, and different from the historical data of another location. While some components will be replaced during the 25-year project lifetime, the yearly energy yield is considered as the baseline energy generation level for any year during the system's useful operating years. Therefore, the energy production of each hybrid system components for in one-year horizon is discussed.
Solar PV
The capacity as well as number of solar panel selected in each sites depends on the amount of solar radiation received at each location and the site load profile. In order to achieve maximum power output from each module, the PV panel is expected to be inclined at optimal tilt angles and adjusted on seasonal basis. The maximum PV output power, annual PV production (kWh) and percentage PV contribution in the optimal hybrid system at each sites is presented in Table 8 .
At this juncture, it should be noted that out of all the high solar radiation potential sites, only Maiduguri has higher PV contribution (74.9%) in the energy mix, while the other site (Sokoto and Jos) gives priority to wind turbine contribution than PV, due to high wind speed potential of the sites. On the other hand, both Iseyin and Port Harcourt favors high PV contribution despite the medium-high solar radiation potential experience at the site, but due to low wind speed experience in both sites since the developed energy management prioritize the use of RE sources over the diesel generator.
Wind turbine
The selection of types and sizes of wind turbine is based on the potential of a high wind speed regime in any particular site. Table 9 presents the maximum power output, total annual wind energy production and percentage contribution of wind energy at each site. We observe a higher percentage contribution of wind turbine at both Jos and Sokoto site due to a high wind speed regime experienced in both sites. 
Diesel generator
The maximum power output, total annual energy output, hours of operation and percentage contribution of diesel generator in the optimal hybrid system configuration in each site is presented in Table 10 .
Battery energy storage capacity
The hourly battery SOC over a period of one year in the selected locations is presented in Fig. 10 . From this figure, it is observed that the battery SOC at both Sokoto and Jos sites is constantly at full capacity over the year except for few hours. This is due to the enormous potential of RE resources at both sites, resulting in the availability of RE sources to meet the clinics load demand at all time. Iseyin and Port Harcourt sites, on the other hand, experienced higher battery depletion compare to other sites especially during the Month of July, August and September (rainy season). This experience is due to low potential of RE sources in meeting the clinic load demand, thus resulting in depletion of the battery to its minimum state of charge (SOC min ) before the generator comes up to supply the load and charges the batteries. As earlier discussed, the number of hours of operation of a diesel generator at these sites is more than the other sites due to the above reason.
Combined energy production Contribution of each energy source (wind turbine, solar PV and diesel generator) in meeting the load demand and the state of charge of batteries for the optimal hybrid system configuration case in Iseyin rural healthcare facility for two specific month of in a year; January (dry season) and August (rainy season) is shown in Figs. 11 and 12 respectively.
These plots show the typical operation hour of the diesel generator in each of the specified months. A typical month of January in Nigeria is considered as dry season month due to clear sky conditions usually experienced during this month and more sunshine hours, leading to a good amount of solar radiation that encouraged PV power production. While August month in the entire region in Nigeria is considered as a rainy season month due to a large amount of rainfall during this period, hence cloudy sky leading low solar radiation potential that adversely affects PV power production.
As can be observed from Fig. 11 , the battery state of charge remained full due to good amount of solar radiation incident on the PV panel during this month, leading to high power output from the PV panel to meet the load demand. Wind turbine also contributed in meeting the load demand as can been seen in the figure. During this period, the number of hour of operation of diesel generator is limited due to sufficient amount of energy from RE sources to power the load and charges the battery.
However, in the second scenario (August month, Fig. 12 ), we observed constant depletion in battery storage capacity due to insufficient power production from both PV and wind energy sources as a result of changes in the weather condition. During this period, high number of start/stop of diesel generator operation is expected to meet the deficit of RE sources in meeting the clinic load demand as well as for charging the battery. It should, however, be noted that the battery capacity should not be depleted beyond the specified (30%) limit as already been designed with the energy management approach. This is done in order to avoid shortening the lifespan of the batteries. Fig. 13 shows the annual carbon dioxide (CO 2 ) pollutant emission for the best optimal configurations in each of the selected sites, while Fig. 14 shows the same analysis in comparison with diesel-only system configuration. The optimal hybrid renewable system configurations emitted 1119.8, 374.4, 337.13, 298.66, 404.83 and 1459.2 kg/year of CO 2 at Iseyin, Sokoto, Maiduguri, Jos, Enugu and Port-Harcourt respectively, while the diesel-only system emits 24,107 kg/yr. Therefore, the hybrid systems present savings of 85.8% in total CO 2 emissions compared with diesel equivalents.
Pollutant emission analysis
Since diesel generator consumed diesel fuel to produce power, thus the higher diesel operating hours experienced at both Port Harcourt and Iseyin site has led to higher CO 2 emission as seen in Fig. 13 . On the other hand, the remaining sites experienced low emission due to high availability of renewable energy resources leading to utilization of hybrid PV/wind to power the rural health clinics majority of the time during the year rather than diesel generator system.
As a result, a total of 95.4, 98.4, 98.6, 98.8, 98.3 and 93.9% of CO 2 emission would be curtailed if a hybrid renewable energy system configuration is adopted at Iseyin, Sokoto, Maiduguri, Jos, Enugu and PortHarcourt respectively. Based on the observation from Fig. 14 and bearing in mind the effect of pollution into the environment, it can be concluded that the best suitable sites for HRES configuration comprising PV, wind, diesel and battery are Jos, Maiduguri, Sokoto and Enugu rural healthcare facilities. This is basically due to the highest percentage of CO 2 emission reduction in the locations as well as low NPC compared to other locations as earlier stated.
Conclusions
This study identified a lack of modern electricity supply as a major impediment to proper functioning of the healthcare centres in the rural areas, contributing to high maternal and child mortality rates in a country. It is against this backdrop that the research work has focused on how to address the problem so that the healthcare centers or clinics in the remote areas can provide timely delivery of medical services for the concerned people. This research study has presented the simulation and analysis of stand-alone hybrid renewable energy systems for basic healthcare services in the rural areas, where there is no grid energy supply or the supply from the existing grid is erratic and unreliable. It has considered the energy configurations fueled by the available solar, wind and diesel energy resources of six different locations in Nigeria under different environmental conditions such as the solar irradiation, wind and ambient temperature. The locations used as test cases are North-east (Maiduguri), North-west (Sokoto), North-central (Jos), South-east (Enugu), South-west (Iseyin) and South-south (PortHarcourt).
The study has employed standard off-grid energy systems methodologies supported by the HOMER tool, IEC standards and relevant studies in the literature for the simulation and analysis of the proposed hybrid electricity systems for the intended healthcare centres across Nigeria. In addition, a real-life load demand profile of a standard rural healthcare center in the country has been used as the basis of the analysis of the energy system. This provides a practical approach to understanding and ascertaining the users' energy requirements, rather than making assumptions. Therefore, the total demand of about 24 kWh/d used in this paper has been developed by considering all the different appliances in the health centre and their daily hours of operation.
The technical analysis involved determining the appropriate sizes of different components of the hybrid systems, their annual energy generation and the battery state of charge. These have been done by using the HOMER to optimise the different energy models or configurations that can meet the daily energy demand of the healthcare centres. However, the economic analysis examined the initial capital cost, net present cost and the cost of energy, while the environmental analysis has been considered in terms of the quantity of carbon emissions that may be avoided supposing the proposed hybrid electricity systems are implemented in the specified locations. It is expected the results of the analysis of the technical, economic and environmental aspects of the design may be useful for planning stand-alone energy generation systems for remote healthcare centres in Nigeria.
The major findings of the research study are summarised as follows:
• Similarly, the wind power system at Iseyin and Maiduguri produced annual energy of 1474 and 2603 kWh, respectively, compared to 9441, 10,572 and, 207 kWh for Sokoto, Jos and Enugu respectively. The results further show that even though Iseyin and Maiduguri have the same maximum wind power output, they have different energy output. This is also the case with Sokoto, Jos and Enugu with the same wind power capacity of 2.46 kW but different annual energy output. Sokoto and Jos may be considered as a potential site for relatively high wind energy generation compared to the remaining locations that have low wind speed regimes. This analysis demonstrates that an environmental factor of a location such as the wind speed determines the possible energy output of a wind power system.
• Furthermore, the study reveals that though all the locations experience good sunshine, there is still disparity in the annual energy generation across the country determined by the solar irradiation and temperature factors of the locations. The system at Maiduguri that has a power output of 4.941 kW and produced the highest annual energy output of 8840 kWh, while the system at Jos has power of 3.4 kW and the lowest annual energy output of 5672 kWh. It is clear from the results that the system at Jos with the lowest solar energy output has the highest wind energy output, while the system at Maiduguri with relatively lower wind energy output produced the highest annual solar energy output. Therefore, the percentage contribution of each of the renewable energy sources differs by its potential in the specified locations. The academic conclusions on this is that the complementary characteristics of the constituent renewable energy technologies justifies the hybrid energy configuration as a better option compared to a single source system based on solar or wind alone.
• In addition, the diesel generator enhances the reliability of the hybrid system to forestall exceeding the battery's minimum state of charge and a loss of power supply to the health centers over the 24-hour period. The battery state of charge results demonstrate that it is possible to achieve off-grid energy systems that can be operated within the acceptable battery state of charge limits with a minimum of 0.3 in this study.
• The economic analysis shows that the system at Jos has the lowest net present cost and cost of energy due to the location's high wind and moderate solar energy resources availability compared to the other locations. The system also has the lowest PV capacity of 4 kW and a wind capacity of 2 kW. The system at Port-Harcourt has the highest net present cost and the cost of energy in the PV/wind/ diesel/battery configuration because of its relatively higher PV capacity and possibly lower renewable energy generation. Therefore, the practical implication of a system having the highest annual renewable energy generation such as the one at Jos is that has the minimum diesel energy generation requirement. However, the system at Port-Harcourt has the highest generator requirements. The study also observed that a 100% diesel system has the highest cost of energy. This study finds that the higher the annual energy generated by a system, the lower the cost of the produced energy per kWh.
• The research demonstrated that CO 2 of 24,107 kg/yr is likely to emit by providing electricity to the health centres through a diesel power generator alone. This is significantly higher than the predicted emissions, ranging from 404.83 to 1459.2 kg/yr, obtained by using the PV/wind/diesel/battery hybrid power systems in the locations. The lowest and the highest values of emissions are obtained for Jos and Port-Harcourt, which is consistent with the observation earlier presented. Therefore, the proposed hybrid solutions promise lower environmental impacts in terms of carbon emissions when they are implemented due to the high percentage contribution of the renewable energy resources and low diesel energy consumption.
The implementation of the proposed hybrid renewable energy model in the rural health clinics will ensure reliability of power supply due to the complementary characteristics of the constituent renewable energy technologies in the hybrid system; elongation of the operating hours in rural health clinics due to availability of general lighting; attraction of more medical personnel (doctors and nurses), leading to availability of wider range of medical services, since experts tends to be attracted to rural areas having access to electricity; communicable disease prevention due to constant sensitization and awareness via TV/ VCR jingles in the clinics; improved cold-chain vaccines, drugs, blood and other medical perishable preservation due to availability of electricity to power refrigerators; better emergency services and improved referral system via RF communication to the secondary healthcare centres among others for better healthcare delivery.
Though, Nigeria has been used a test case in this study, the analysis and the contributions of the paper may be useful for understanding and planning small-scale hybrid electricity generation in other parts of the world. Therefore, the research form a basis for a better understanding of and addressing the problem of a lack of electricity supply to healthcare centres within villages and peri-urban areas around the world.
